Abstract Extraordinarily strong El Niño events, such as those of 1982/1983 and 1997/1998, cause havoc with weather around the world, adversely influence terrestrial and marine ecosystems in a number of regions and have major socio-economic impacts. Here we show by means of climate model integrations that El Niño events may be boosted by global warming. An important factor causing El Niño intensification is warming of the western Pacific warm pool, which strongly enhances surface zonal wind sensitivity to eastern equatorial Pacific sea surface temperature anomalies. This in conjunction with larger and more zonally asymmetric equatorial Pacific upper ocean heat content supports stronger and longer lasting El Niños. The most intense events, termed Super El Niños, drive extraordinary global teleconnections which are associated with exceptional surface air temperature and rainfall anomalies over many land areas.
perturbing the global atmospheric circulation and forcing climate anomalies around the globe. El Niño affects terrestrial and marine ecosystems in many regions and the economy of several countries. It is the positive phase of the El Niño/Southern Oscillation (ENSO). The negative phase of ENSO is termed La Niña.
ENSO experienced strong variations during the past centuries (Fedorov and Philander 2000; Mann et al. 2000) and recent decades. Trenberth and Hoar (1996) claimed that the tendency for more El Niño and fewer La Niña events from the late 1970s to the mid-1990s was highly unusual and very unlikely to be accounted for solely by natural variability. However, this tendency has not persisted into the 21st century. Yeh et al. (2009) described an increase in the frequency of central Pacific El Niños and a decrease of the canonical eastern Pacific El Niños during the recent decades. They speculated that this change may be due to global warming. In contrast, McPhaden et al. (2011) found evidence in support of that the spatial character of El Niño could have varied naturally. Wang et al. (2013) described a more lowfrequency and meriodinally wider ENSO-like variability since the late 1970s with strong impacts on the Northern Hemisphere summer monsoon and named it Mega El Niño. Cai et al. (2003) coined the expression super-ENSO, when referring to a very strong El Niño event that was followed by a very strong La Niña event in a control integration of a climate model. Hong et al. (2014) used the term Super El Niño for the anomalously strong events of 1972/1973, 1982/1983, and 1997/1998 . Here we apply the term Super El Niño to extraordinarily strong El Niños projected by the Kiel Climate Model (KCM) under enhanced greenhouse warming.
ENSO statistics critically depend on the equatorial Pacific mean state (e.g., Neelin et al. 1998 ) which varies on timescales of decades and longer due to both internal variability and external forcing. A recent example of a decadal mean-state change is the mid-1970s Bclimate shift^, with surface warming of the central equatorial Pacific and cooling of the North Pacific (Trenberth and Hurrell 1994) . The shift was followed by a strong ENSO, as mentioned above, but the causal link is still unclear. The background state in the equatorial Pacific and ENSO character seem to have changed again after the record El Niño of 1997/1998, with colder SSTs, weaker and higher-frequency interannual variability. A weaker thermocline feedback owing to a reduced thermocline slope response to anomalous zonal wind stress forcing as well as weaker wind stress sensitivity to eastern equatorial Pacific SST anomalies have been suggested as a possible cause (Lübbecke and McPhaden 2014) .
There is limited evidence from observations for the occurrence of very strong El Niño events in the past. The Great Famine of 1876-1878 in Southern India was probably linked to an exceptional El Niño event as severe climate extremes in other regions (Davis 2001; Kiladis and Diaz 1986; Diaz and McCabe 1999) . Proxy records for the last millennia provide evidence for other very strong El Niños which, by their remote impacts (e.g., floods or droughts), might have been even stronger than the 1997/1998 event (Aceituno et al. 2008) . But how strong can El Niño events become? As discussed in the context of the thermostat hypothesis (Meggers 1994; Ramanathan and Collins 1991) , physically there is hardly a limit for the tropical SST increase (Fu et al. 1992; Pierrehumbert 1995) ; during the Eocene (~56-34 Ma BP), tropical SSTs might have been as high as 40°C (Huber 2008) .
The impact of global warming on ENSO due to enhanced atmospheric CO 2 is the topic of this study. Climate models exhibit a large scatter in ENSO projections for the 21st century (Collins et al. 2010; Bellenger et al. 2014 ). Some models project that the positive phases of ENSO, the El Niños, intensify (Cai et al. 2014) , other models that the cold phases, the La Niñas, become stronger (Cai et al. 2015) , and again other models that both phases get either weaker or stronger. The KCM used in this study projects the occasional development of Super El Niños, with amplitude much larger than that of canonical El Niños simulated in a control run with fixed Bpresent-day^CO 2 . We investigate the following questions. First, how is ENSO impacted by global warming? Second, how does the mean state in the equatorial Pacific sector change? And finally, third, how do the mean-state changes impact the coupled feedbacks involved in ENSO? The paper is organized as follows: Section 2 briefly describes the experimental strategy. The results are presented in Section 3. A summary and discussion of the major findings in Section 4 concludes the paper.
Experimental strategy
An ensemble of 22 global warming integrations was conducted with the Kiel Climate Model (KCM, Park et al. 2009; Supplement) , each forced by increasing atmospheric CO 2 at a rate of 1 % per year (compound), approximately corresponding to the present rate of CO 2 -increase. The individual members start from different atmospheric and oceanic states which have been taken from an unforced millennial control run. CO 2 -doubling is reached after about 70 years, and integrations were continued for another 30 years with fixed CO 2 . The ensemble-mean globally averaged SAT during the last 30 years amounts to 17.7°C, which is 3.5°C warmer than that in the control run, a temperature rise at the high end of the model distribution.
Results

Super El Niños
The KCM projects enhanced eastern equatorial Pacific interannal SST variability relative to that simulated in the control run (Fig. 1) . A small number of Super El Niños develop, defined here as events with an annual-mean SST anomaly in the Niño3 (150°W-90°W, 5°S-5°N) region (Niño3 SSTA) exceeding three standard deviations calculated from the concatenated de-trended greenhouse warming integrations, where the de-trending was performed by removing a third-order polynomial from each ensemble member. BNormal^El Ninos have been calculated from the control run with fixed CO 2 and are defined as events with an annual-mean Niño3 SSTA of more than one but less than three standard deviations. Most Super El Niños occur during the second half of the greenhouse warming integrations (Fig. 2) , which suggests an effect of enhanced CO 2 . We note that three rather strong El Niños close to the threshold are simulated in the control run (Fig. 1) . Obviously, exceptionally strong El Niño events can be internally produced, but with very low probability. This is consistent with anecdotal evidence of the occurrence of a few exceptionally strong El Niño events during the last millennia. A plausible hypothesis for the emergence of Super El Niños in response to higher atmospheric CO 2 is the strengthening of coupled air-sea feedbacks, which would tend to amplify very strong but rare events that occur naturally.
During Super El Niños, annual-mean Niño3 SSTAs reach up to about 4°C (Figs. 1 and 2), monthly-mean SSTAs up to about 6°C (Fig. 3 ). No other model projects El Niño events of such strength, but some models project enhanced interannual variability with rather strong events (Figs. S3, S5). La Niña events also intensify in the KCM (Fig. 2) , consistent with Cai et al. (2015) investigating CMIP5 models, but not as much as El Niños. The standard deviation and skewness of annual-mean Niño3 SSTAs increase from 0.79°C and 0.37 during the first to 0.93°C and 0.55 during the last 30 years of the global warming integrations, respectively. The change in the standard deviation is statistically significant at the 99 % level; the skewness would require a change of 0.35 for significance at the 95 % level (Taylor 1947 ). Yet the enhanced skewness is an important result, because it is largely due to the development of Super El Niños (see Fig. 2 ). Finally, Super El Niños, in comparison to Bnormal^El Niños, are more persistent, with monthly-mean Niño3 SSTAs exceeding 2°C prevailing for about 1 year (Fig. 3) .
Annual-mean globally averaged SAT rises by 0.37°C during Super El Niños, as opposed to 0.13°C during Bnormal^El Niños. Climate impacts of Super El Niños are depicted by composites calculated from annual-mean SAT and precipitation anomalies, and compared to those simulated during Bnormal^El Niños (Fig. 4a, b) . The tropical Indian Ocean dipole and North Pacific SST anomalies (Fig. 4c) teleconnected to El Niño become approximately twice as strong compared to Bnormal^El Niños (Fig. 4a ). Land SAT (Fig. 4c ) and rainfall anomalies (Fig. 4d ) also roughly double in many regions, while the overall anomaly field patterns remain months Fig. 3 Time evolution of the monthly-mean Niño3 SST anomalies (dashed red curves) and zonally averaged (140°E-100°W) equatorial zonal 10 m-wind anomalies (dashed green curves) during the 11 Super El Niños in the year before, during and after the peak of the event. Thick solid curves depict the composite evolution Fig. 4 Composites of annual-mean SAT anomalies for a Bnormal^and c Super El Niños, and annual-mean precipitation anomalies for b Bnormal^and d Super El Niños. BNormal^El Ninos are obtained from the control run and defined as events with an annual-mean Niño3 SST anomaly of more than one standard deviation but less than three standard deviations. Super El Niños are events exceeding three standard deviations of the variability in the concatenated (de-trended) annual-mean Niño3 SST anomaly time series of the global warming integrations unchanged. In some regions, impacts are extreme. For example, during a Super El Niño, monsoon precipitation in Western India averaged over the months June through September (JAS) drops to 1.5 mm/day (Fig. S6A) . The long-term climatological rainfall during JAS in the control run amounts to 4.9 mm/day, Bnormal^El Niño rainfall to 2.7 mm/day. Reduced rainfall in Western India during Super El Niños goes along with strongly enhanced SAT, leading to the development of persistent heat waves in this region, with SAT anomalies of several centigrade that extend into winter (Fig. S6B) . Most regions of the contiguous United States experience surface cooling exceeding −1°C and enhanced precipitation (Fig. 4c, d ). The amplitude of the Northern Hemisphere high-latitude SAT dipole linked to El Niño (e.g., Semenov and Bengtsson 2003) , with cooling over Northern Eurasia and warming over Northern Canada and Alaska, roughly triples (Fig. 4a, c) . Other climatic impacts during Super El Niños, worth mentioning, are considerably reduced rainfall over Australia and Southeast Asia and enhanced rainfall over Southern Europe extending to the Middle East (Fig. 4d) . There is decreased rainfall over northeast Brazil and the sub-Sahel region of Africa. Most African regions depict warming in excess of 1.5°C (Fig. 4c) .
We divide the control run into 100-year long non-overlapping segments and consider the first and last 30 years from each of the greenhouse warming integrations (Fig. 5) . Standard deviations of monthly-mean Niño3 SSTAs (open circles) are calculated from each segment and stratified according to (1) the absolute Niño4 temperature (Fig. 5a ), and (2) zonal SST contrast (Fig. 5b ) defined as the difference between the Niño4 and Niño3 SSTs. We note several findings. First, the spread in the two relationships (open blue and green circles) increases under enhanced CO 2 (open red circles). Second, variability calculated from the first 30 years of the greenhouse warming runs is similar to that obtained from the control integration (full blue and Fig. 5a ); thus the first 30 years still reflect near-normal conditions. Third, strongly enhanced Niño3 SST variability is only simulated at Niño4 SSTs in excess of~303 K (~30°C). Fourth, a stronger zonal SST gradient goes along with enhanced variability, when considering the time-averages (Fig. 5b, full circles) , i.e. forced change. Thus, both the increase of the Niño4 SST and zonal SST gradient supports stronger interannual variability. However, the change in zonal SST contrast is very small amounting to only 0.14°C. We therefore speculate that the warming of the Niño4 SST is the major driver of the enhanced interannual variability.
When considering internal (unforced) long-term variability of ENSO strength (open green and red circles in Fig. 5b) , an enhanced zonal SST contrast is associated with reduced variability. The results concerning the influence of the zonal SST contrast on the level of interannual variability are consistent with those from the CMIP5 models (not shown). We find from a number of CMIP5 control runs (Taylor et al. 2012 ): (1) reduced interannual variability tends to go along with enhanced zonal SST contrast as far as multidecadal variability is concerned, and (2) enhanced interannual variability tends to go along with a stronger gradient when the long-term mean zonal SST contrast is considered (full circles).
Mean state changes
SST warming along the equator exhibits a large symmetric component, with a rise in excess of 3°C at all longitudes and throughout the calendar year (Fig. 6a) . Westerly (eastward) equatorial near-surface (10 m) zonal wind trends are projected west of the dateline, especially in boreal spring and summer, whereas during these two seasons, easterly (westward) wind trends are seen over the central equatorial Pacific. These anomalous easterlies cause, through enhanced equatorial upwelling, a minimum in the surface warming there (Fig. 6b) . During the first 30 years, the equatorial zonal surface currents are predominantly westward throughout the calendar year (Fig. S7A ). In line with the zonal wind trends, positive (eastward) surface current trends are seen in the west (Fig. S7B) . In boreal fall/early winter, positive trends are also seen in the east. The slowing of the currents is on the order of 0.2 m/s per century and larger (Fig. S7B) , facilitating the reversal of surface currents, an important factor during the development of strong El Niño events (Grodsky and Carton 2001) .
In the west, the region of largest upper-ocean heat content (Fig. 7a) , warming on the order of 4°C extends from the surface down to about 100 m (Fig. 7b) . Considerably less warming is projected in the east, so that zonal asymmetry in upper-ocean heat content is enhanced. Thus more heat can be zonally redistributed, facilitating stronger and longer lasting El Niño events. The centennial net surface heat flux trends depict strongest downward signals in the east and north of the equator (Fig. S8A) . These changes are largely due to the contributions from longwave and, to a lesser extent, shortwave radiation (not shown). Thus radiative surface warming dominates in the east. On the contrary, the net surface heat fluxes damp the surface warming in the west (Fig. S8A) ; the latent heat fluxes and shortwave radiation provide the largest contributions in this region (not shown).
The upper western equatorial Pacific depicts a strong heat transport convergence and thus dynamical warming contribution (Fig. S8B) . Here, zonal advection generally yields the largest share. In the central equatorial Pacific, the dynamical heating contribution from zonal advection attains its maximum, but there is a strong compensation by vertical advection (not shown). In the east, the ocean dynamical heating pattern is rather patchy (Fig. S8B) , supporting the notion of radiative surface warming. The heat flux and upper ocean heat transport changes are consistent with those in a subset of CMIP3 models forced by increased atmospheric CO 2 (DiNezio et al. 2009 ). 
Elements of the Bjerknes feedback
The so called Bjerknes feedback is a positive ocean-atmosphere feedback and of primary importance in ENSO dynamics. It consists of three elements: (1) forcing of surface zonal winds in the west by SSTAs in the east, (2) forcing of ocean heat content anomalies in the east by surface zonal winds to the west, and (3) forcing of SST anomalies in the east by local thermocline depth anomalies. By far the strongest change is projected in the sensitivity of western equatorial Pacific near-surface zonal wind anomalies to Niño3 SSTAs (Fig. S9 , left two panels; Park et al. 2009 ), which increases by about 50 % in the Niño4 region average. We speculate the stronger wind feedback is due to the Clausius-Clapeyron Equation dictating that evaporation exponentially increases with temperature, thereby strengthening diabatic heating which drives circulation. Kang and Kug (2002) and Frauen and Dommenget (2010) support this conjecture, and explain enhanced interannual variability and skewness in their models by this mechanism. The other two elements of the Bjerknes feedback become slightly weaker, predominantly in the east (Fig. S9 , middle and right two panels).
We conclude that there are two main reasons for the enhancement of equatorial Pacific interannual variability. First, the increase in surface wind sensitivity in the west to SST anomalies in the east, which is likely due to the strong rise of the warm pool SST. Second, the enhanced upper-ocean heat content in the western equatorial Pacific due to heat transport convergence, which allows for more heat that can be zonally redistributed during El Niño events. This also favors longer events. Since rather strong El Niños, with amplitude just below the threshold adopted here to define Super El Niños, are occasionally simulated in the control run with fixed external forcing (Fig. 1) , a stronger Bjerknes feedback (due to a higher wind stress sensitivity in the west to SST anomalies in the east) in conjunction with enhanced and more zonally asymmetric upper ocean heat content tend to amplify such events, eventually giving rise to Super El Niños.
Discussion and conclusions
The Kiel Climate Model (KCM), in response to global warming, projects strongly enhanced equatorial Pacific interannual variability with a number of Super El Niños. The latter are characterized by eastern equatorial Pacific (Niño3) annual-mean SST anomalies of 3-4°C. Super El Niños force extraordinarily strong teleconnections such as much reduced Indian Summer Monsoon rainfall or persistent cooling over the North Pacific and contiguous United States. It can be assumed that events of such strength will adversely affect terrestrial and marine ecosystems such as coral reefs.
The KCM reasonably well simulates present-day tropical Pacific mean climate and ENSO (Park et al. 2009, Supplement) , but also exhibits significant biases. These are not overly large compared to those in other climate models (Fig. S3) . For example, the cold bias is less than 1°C in the western equatorial Pacific, which is smaller than that in several CMIP5 models and most CMIP3 models. The KCM's climate sensitivity is at the upper end of the distribution spanned by the CMIP5 models. It is unknown at this stage of research how climate sensitivity affects the ENSO response to external forcing.
We repeated the global warming ensemble using another version of the KCM employing a cloud scheme (Lohmann and Roeckner 1996) in which fractional cloud cover is diagnostically determined from relative humidity, whereas the standard version uses a statistical scheme (based on prognostic probability density functions) to calculate fractional cloud cover (Tompkins 2002) . The ensemble-mean globally averaged SAT change (relative to the corresponding control run), again estimated from the last 30 years of the greenhouse warming integrations, is 2.8°C as opposed to 3.5°C in the standard version (see above). The equatorial Pacific cold SST bias is larger, with Niño4 average SST about 2.0°C colder than observed as opposed to 0.5°C in the standard version (Fig. S3A) . Interannual variability in the new ensemble remains virtually unchanged under enhanced greenhouse warming (Figs. S3, S10) , indicating large sensitivity of the projected interannual variability to the representation of fractional cloud cover. This sensitivity helps to understand the large spread in the CMIP5 (Fig. S3) and CMIP3 model ensembles, as physical parameterizations and numerical schemes strongly differ from model to model.
The warming rate in the western equatorial Pacific projected by the KCM is consistent with that in many CMIP5 models (Fig. S3A) . A weaker zonal SST contrast is projected by most CMIP5 models, while the KCM projects a slightly stronger contrast (Fig. S3B) . As in Bayr et al. (2014) investigating CMIP3 and CMIP5 models, the KCM's atmospheric circulation depicts an eastward shift of the upward branch of the Walker Circulation, as inferred from the near-surface zonal wind (Fig. 6b ) and sea level pressure trends (Fig. S11) . Thus there is some consistency between the KCM's mean-state response and that in the CMIP models. However, interpreting such change as El Niño-like is not advisable, as the basin-wide SST gradient did not weaken in the KCM.
The scarce observations during the instrumental period remain under discussion. Some studies argue that the Walker Circulation has weakened during the 20th century (e.g., Vecchi et al. 2006) and that the equatorial Pacific coupled system is moving toward an El Niño-like mean state with reduced zonal SST contrast. Other papers have presented observational evidence for the opposite (Meng et al. 2012; Solomon and Newman 2012; L'Heureux et al. 2013; Sohn et al. 2013; England et al. 2014) . In fact when considering the period 1980-2013, exhibiting a global warming of about 0.5°C, the zonal SST contrast did strengthen (not shown). Internal multidecadal to centennial variability could be large, as pointed out by Meng et al. (2012) who investigated unforced and forced integrations of a number of climate models. Such long-term variability hampers quantifying the impact anthropogenic climate change already had on equatorial Pacific sector climate.
There is large uncertainty concerning the ENSO response to anthropogenic forcing (Latif and Keenlyside 2009; Collins et al. 2010; Bellenger et al. 2014 ; see also Fig. S3 ). The emergence of Super El Niños has not been discussed to date in the context of global warming. Most CMIP5 models project weaker equatorial Pacific interannual SST variability under enhanced greenhouse warming (Fig. S3) , whereas the KCM is in the smaller group depicting enhanced variability. The development of Super El Niños in the foreseeable future cannot be ruled out with high confidence for four reasons: First, it is a solution of the governing physical equations, and the KCM is not seriously flawed when compared to observations (Supplement). Second, a concept of an El Niño-like mean-state response with reduced SST gradient and weaker ENSO, as projected by most CMIP5 models, is not unambiguously supported by studies of past warm climates. It has been suggested that the warm early Pliocene climate (~4.5-3 Ma BP) exhibited less zonal SST contrast, which can be understood as permanent El Niño-like conditions with weak interannual variability (Wara et al. 2005; Fedorov et al. 2006; Fedorov et al. 2013) . Wunsch (2009) pointed out that the suggested mean-state shift towards permanent El Niño-like conditions could have resulted from artificial proxy data analysis. For the extremely warm Eocene (~56-34 Ma BP), proxy data suggest sustained zonal temperature gradients and a Bhealthy^ENSO. Further, some climate models simulate enhanced interannual variability during that time (Huber and Caballero 2003; Galeotti et al. 2010; Ivany et al. 2011) . Third, some kind of Super El Niños has been occasionally observed during the past millennia. Finally, fourth, our understanding of long-term changes in ENSO is rather limited due to the poor observational database and model bias. The KCM, like several CMIP5 models, tends to overestimate equatorial Pacific interannual variability (Supplement). But we have no objective means to discard a model that does not perform worth than many other models. The emergence of more frequent Super El Niños in a warming world perhaps is best described as a highimpact low-probability event.
